Abstract − Monodisperse silica nanospheres were synthesized by Stober method using rotating cylinder systems with batch or continuous manner. The particle size could be controlled by adjusting the reactant compositions such as the amount of monomer, catalyst, and water in the reaction mixture. The size and monodispersity of the ceramic particles could be controlled by changing the reaction medium with different alcohols other than ethanol or changing the reaction temperature. The effect of Taylor number (Ta) on the average diameter and standard deviation of silica particles were also studied by adjusting the rotation speed of inner cylinder, and the maximum diameter of particles was observed at Ta ≈ 3,000.
Introduction
Over the past decades, the synthesis routes of monodispersed ceramic particles have been developed for the applications of particle assembly such as superhydrophobic surfaces, templates for porous materials, and colloidal crystals [1] [2] [3] . For the synthesis of such particles, most researches involve bottom-up reactions using simple mechanical mixing during the reaction in batch-type reactor. However, incomplete mixing inside such conventional reactors may induce 'dead zones', which may cause inhomogeneous conversion, finally resulting in the increase of polydispersity in particulate products. Thus, it is necessary to develop a novel fabrication technique to avoid such problems for the synthesis of extremely monodisperse particles.
After the pioneering researches by Taylor on the instability of fluid flow, rotating streams have been studied intensively since effective mixing can be expected from the vortex generated by Taylor flow compared to simple mechanical stirring [4] . Using a Taylor vortex reactor, significant progres has been made in various applications such as mesoporous materials, food industries, and crystallization technologies [5] [6] [7] . Besides these functional materials, monodispersed ceramic particles were synthesized by Ogihara et al. using the Couette-Vortex flow reactor [8] [9] [10] . Although these researches are challenging for industrial production, robust recipes for the particle synthesis are still necessary to prepare ceramic beads with much wider controllable range of particle diameter using rotating cylinder system.
We studied Stober reactions for the synthesis of silica nanospheres and controlled the diameter of the particles by adjusting the reaction parameters such as the amount of monomer and catalyst.
Sol-gel reaction was carried out by varying the reaction temperature from 20 to 60 o C using batch type rotating cylinder system. Monodisperse silica nanospheres were also fabricated using continuous operation of the rotating cylinder system for potential applications in industry production.
Experimental

2-1. Materials
For the synthesis of silica particles, TEOS (tetraethylorthosilicate, 99%, Aldrich) and ammonium hydroxide (NH 4 OH) were used as silica precursor and catalyst, respectively, for hydrolysis reaction. Methanol, ethanol, isopropyl alcohol, or butanol was used as reaction medium for the particle synthesis.
2-2. Synthesis of silica nanospheres
Stober reaction was performed to synthesize monodisperse silica nanospheres with narrow size distribution, as suggested by several researchers for modification method [11] . The experimental apparatus is composed of two concentric cylinders, and the annular region is used as the space for the reaction. While the outer cylinder is stationary, the inner cylinder can be rotated with adjustable speed. For batch reactions, the reactants were fed to the reactor. First, ethanol as reaction medium containing NH 4 OH and H 2 O was poured into batchtype reactor. Then, diluted TEOS with ethanol (the volume ratio of TEOS:ethanol = 1:4) was added to the reactor during the rotation of inner cylinder. The detailed synthesis conditions can be found from Table 2 . The reaction was continued for two hours, and the products were washed by centrifugation and redispersion of the sedimented particles in fresh ethanol by sonication.
For continuous synthesis of silica nanospheres, syringe pumps were used to feed the TEOS diluted with ethanol and ethanol containing water and ammonia to the rotating cylinder system with constant speed. While the inner cylinder rotates, the reactants are fed to the bottom of the reactor, and the products are collected from the top of the reactor. The samples were collected on cover glass with regular time intervals.
2-3. The measurement of particle size and standard deviation The diameter and standard deviation of silica particles were estimated by measuring the size of several particles from SEM images. Dynamic light scattering was also performed for the diluted silica suspension to measure the size and distribution of the particles.
2-4. Instruments for characterizations
The morphology of the silica particles was observed by using field emission scanning electron microscope (FE-SEM, Hitachi-S4700). The particle suspension was deposited on glass substrate by drying at room temperature. Then, sputter coating was performed for SEM observation. The particle size distribution was obtained by measuring the diameter of several particles from SEM image. Alternatively, dynamic light scattering was applied to measure the size distribution of the silica suspension. Fig. 1(a) contains a schematic of the rotating cylinder system for the synthesis of silica nanospheres with narrow size distribution. During the rotation of the inner cylinder, the reactants are effectively mixed due to the formation of a Taylor vortex in the annular region of the reactor. The number of vortices inside the reactor can be affected by the height of the cylinder, L, and the size of a vortex depends on the gap distance (d = R 2 -R 1 ) of the reactor. Taylor vortex can be formed in a certain range of Taylor number, which can be defined as the following dimensionless group [8]:
Results and Discussion
(1)
The critical value of Taylor number for the generation of Taylor vortex was reported as 41.3, which can be achieved by the rotating cylinder system used in this study [8] . The dimensional values such as R 1 , R 2 , and L are listed in Table 1 . The notations in Equation (1) such as ω (rad/sec) and ν (m 2 /sec) represent angular velocity and kinematic viscosity of the liquid. Fig. 1(b) contains the scanning electron microscope image of monodisperse silica nanospheres synthesized using a rotating cylinder system. The rotating speed of the inner cylinder was fixed at 505 rpm, and the sol-gel reaction was performed at room temperature. As contained in the SEM image, spherical silica nanospheres with about 281.2 nm in diameter were successfully synthesized with narrow size distribution. The detailed synthesis conditions are summarized in Table 2 as a reference sample in this article. For particle synthesis, 9.27 ml of solution #1 in Table 2 was first loaded to Taylor vortex reactor and the mixing was performed for 20 minutes. Then, 3.229 ml of solution #2 in Table 2 was added to the reactor for the formation of particles by Stober process. Fig. 1(c) contains the size distribution of the silica nanospheres obtained by measuring the diameter of several particles from the SEM image of Fig. 1(b) . The particle monodispersity can be confirmed from the standard deviation of the particles, which was measured as 0.01442 μm. In this study, silica nanospheres were synthesized using conventional stirrer under the same reaction conditions shown in Table 2 . Fig. 1(d) contains the size distribution of the silica nanospheres measured by light scattering method. The results were obtained for the samples prepared using conventional stirrer and rotating cylinder system to compare the effect of mixing apparatus. As contained in the 
